Telomerase activity is developmentally regulated in mammals. Here we examine telomerase activity in plants, whose development differs in fundamental ways from that of animals. Using a modified version of the telomere repeat amplification protocol (TRAP) assay, we detected an activity in extracts from carrots, caulif lower, soybean, Arabidopsis, and rice with all the characteristics expected for a telomerase synthesizing the plant telomere repeat sequence TTTAGGG. The activity was dependent on RNA and protein components, required dGTP, dATP, and dTTP, but not dCTP, and generated products with a seven nucleotide periodicity. Telomerase activity was abundant in caulif lower meristematic tissue and undifferentiated cells from Arabidopsis, soybean, and carrot suspension cultures, but was low or not detectable in a sampling of differentiated tissues from mature plants. Telomerase from caulif lower meristematic tissues exhibited relaxed DNA sequence requirements, which might ref lect the capacity to form telomeres on broken chromosomes in vivo. The dramatic differences in telomerase expression and their correlation with cellular proliferation capacity mirror changes in human telomerase levels during differentiation and immortalization. Hence, telomerase activation appears to be a conserved mechanism involved in conferring long-term proliferation capacity.
Telomeres are nucleoprotein structures at the ends of chromosomes that are essential for maintaining the integrity of the genome. The primary mechanism for generating and sustaining telomere DNA in eukaryotes is telomerase (1) . A ribonucleoprotein with a reverse transcriptase activity, telomerase synthesizes the G-rich strand of telomere DNA using an internal RNA subunit as a template (2) . This DNA addition compensates for the loss of terminal sequences that occurs during replication by the conventional cellular machinery (3, 4) .
Widespread among eukaryotes, telomerase has been detected in protozoa, yeast, amphibians, and mammals (5) (6) (7) (8) (9) (10) (11) . Telomerase activity is developmentally regulated in humans (12, 13) . In the differentiated human soma, telomeres shorten in a phenomenon attributed to the lack of detectable telomerase activity in these cells (14, 15) . Once telomeres shorten below a critical threshold, they appear to lose the capacity to effectively cap chromosomes and activate a damaged DNA response pathway that causes cell-cycle arrest (12) . Hence, telomeres have been proposed to represent a biological clock that determines life span (16) . A subset of normal human tissues express telomerase, including the regenerating tissues of the blood and epidermis (17) (18) (19) and the germ line (20) . In addition, telomerase activity can be found in most human primary malignancies (13, 21) .
The confinement of telomerase expression to the permanently regenerating tissues of the soma is not a feature shared by all organisms. In mice, many somatic tissues have detectable telomerase activity (11, 22) and telomeres do not shorten (23) . However, more recent studies indicate that telomerase levels are higher in immortalized mouse cells than in somatic tissues (24, 25) . It has been speculated that the presence of telomerase in normal mouse cells reflects the ease of immortalization (22) . Taken together, the data argue that telomerase expression is necessary for sustained tumor growth and for the lifelong proliferation capacity of normal regenerative tissues.
Numerous reports, beginning with the elegant genetic studies of Barbara McClintock (26) , are consistent with the expression of telomerase in at least a subset of plant tissues (reviewed in ref. 27 ). Broken maize chromosomes can be ''healed'' in the embryo, but not in the endosperm (26) . Presumably, telomerase, active in the embryo but not in the endosperm, stabilizes the fractured chromosomes by de novo telomere formation. Several recent studies indicate that broken chromosomes in wheat and barley acquire telomere repeats (28-31), but the de novo addition appears to be confined to gametogenesis or early zygote development (30) . Chromosome ends in most plant species are comprised of TTTAGGG repeats (32, 33) . As in humans, plant telomere DNA tracts are dynamic and subject to developmental regulation. Barley telomeres shorten during differentiation and aging, but increase in undifferentiated callus cultures (34) .
In this paper, we report the identification of telomerase activity in a wide variety of angiosperms. The activity is abundant in undifferentiated cells, but is low or absent in non-proliferating tissues. These findings indicate that telomerase activation is a conserved mechanism involved in conferring long-term proliferation capacity.
MATERIALS AND METHODS
Preparation of Plant Extracts. Carrot (Daucus carota) and soybean (Glycine max) cell suspension cultures were grown as described (35, 36) . Rice (Oryza sativa) cell suspension cultures were grown in AA2 medium as described by Buchholz et al. (37) . Arabidopsis thaliana cultures were initiated by placing excised hypocotyls of 4-day-old plants on solid MS medium (38) that was supplemented with 2 mg 2,4-dichlorophenoxyacetic acid per liter and 0.05 mg kinetin per liter. The resulting callus was then transferred to liquid medium of the same composition. Developing primary roots of soybean were prepared from seeds that were sterilized in 20% bleach for 10 min, rinsed, and imbibed in tap water for 1 hr. The seeds were sandwiched between paper towels wetted in 100 M CaCl 2 and were grown in the dark for 3 to 5 days at 29ЊC. The terminal 15 mm of the root tips were cut off. For experiments involving developed plants, the 15 mm of root tip or stem above the cotyledons, primary and trifoliate leaves, axillary buds, and shoot apex in 3-week-old soybean plants were excised. Extracts were prepared from several tissues of cauliflower (Brassica The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. ) . After the addition of 50 ng of forward primer followed by 0.25-1.0 g extracted plant protein, the telomerase reaction was allowed to proceed at room temperature for 45 min. Reverse primer (50 ng) was added, and the reaction mixture was covered with 50 l paraffin oil and amplified by 30 cycles of PCR at 94ЊC for 30 sec, 65ЊC for 30 sec, and 72ЊC for 90 sec, with an additional 5 min 72ЊC extension step at the end. Samples were phenol extracted, ethanol precipitated, and resolved on 6% sequencing gels (except where noted), which were dried and subjected to autoradiography. Some samples were pretreated with 10 ng RNase A (Sigma) or H 2 O (mock RNase) at room temperature for 10 min before the telomerase reaction step.
RESULTS
Identification of Plant Telomerase. Initial attempts to detect telomerase products by the conventional biochemical assay (5) in cell lysates from germinating and mature plants as well as from suspension cultures were unsuccessful. Therefore, we turned to the more sensitive PCR-based TRAP assay originally developed for detection of human telomerase activity (20) . The assay works in two steps: (i) telomerase elongates a forward primer and (ii) then PCR is used to amplify the products using a reverse primer. In this case, the reverse primer, d(CCCTAAA) 3 , was precisely complementary to the consensus plant telomere sequence d(TTTAGGG) n. To increase the stringency of the TRAP protocol, the annealing temperature of the PCR step was increased to 65ЊC and the forward primer was changed to a sequence that was more efficiently used by the plant telomerases (see below). These parameters ensured that the forward primers in our study could only be extended in the PCR step if an activity in the plant extract added TTTAGGG repeats. As an initial purification step for the extracts, a 10% PEG precipitation was performed. This reduced the concentration of inhibitors to Taq polymerase or telomerase that are commonly found in crude mammalian extracts (39) .
A 21-mer oligonucleotide containing two guanosine residues at the 3Ј terminus, GG (21) , was used as a primer to detect an enzyme in cauliflower floral buds and carrot suspension cultures that fits the criteria of telomerase. The 3Ј terminus of the primer was extended by the addition of tandem repeats with a seven nucleotide periodicity (Fig. 1A) . The likelihood that primer extension was a PCR artifact was discounted by the fact that no repeats were added in reactions lacking either the forward primer (Fig. 1B, lane 9 ) or plant extract (Fig. 1B , lane 10) during the telomerase step.
Elongation was sensitive to low levels of RNase A (10 ng) (Fig. 1B, lane 3) , a concentration of RNase that had no effect on the PCR reaction (lane 4). Phenol͞chloroform treatment of the extract abolished elongation (Fig. 1B, lane 5) . These data (21) forward primer (see Table 1 ). Products were resolved on a 10% sequencing gel to reveal the periodicity of the banding profile. (B) Reactions were performed with 1.2 g protein from carrot suspension cultures using GG (21) . Lanes: 1, TRAP assay under standard conditions; 2, mock RNase treated sample; 3, sample treated with RNase A before the telomerase step; 4, sample treated with RNase after the telomerase step but prior to the PCR step; 5, sample extracted with phenol-chloroform, before the telomerase step. Lanes 6-9, reactions in which dATP, dCTP, dTTP, or the forward primer were omitted from the telomerase step, but were added just prior to the PCR step. Lane 10, carrot extract omitted. (Fig. 1B, lane 7) . In fact, exclusion of dCTP from the telomerase step reproducibly enhanced activity. This effect may be due to competition by dCTP for nucleotide binding sites on telomerase when all four deoxynucleotides are added. Finally, alteration of one or two nucleotides in the reverse primer repeat sequence prevented PCR amplification (data not shown). All of these properties are consistent with a plant telomerase that synthesizes TTT-AGGG repeats. DNA Sequence Requirements for the Carrot and Caulif lower Telomerases. We tested the primer specificity of the telomerases from carrots and cauliflower. All known telomerase activities show a preference for G-rich DNA and will most efficiently extend primers whose 3Ј ends base pair with the RNA template (2). TRAP assays using the C-rich telomere repeat strand sequence as forward primer failed to be extended by either the carrot or the cauliflower telomerase (Fig. 2 A,  lane 8, and B, lane 8) . In contrast, primers with dG residues on their 3Ј ends were efficiently elongated ( Fig. 2 A, lanes 1 and  2, and B, lanes 1 and 2) . We saw no obvious enhancement of primer utilization when we included a G-rich copy of the plant telomere repeat on the primer 5Ј end (Fig. 2 A, lane 2, and B, lane 2). However, primer length had a striking effect on extension by plant telomerases. 18-mer primers were not recognized by the carrot telomerase (Fig. 2 A, lanes 3 and 4) . This included the 18-mer TS primer (Fig. 2 A, lane 4) , which is the standard primer used in mammalian TRAP assays (20) . However, when three nucleotides were added onto the TS primer 5Ј terminus, it became an efficient substrate for elongation (Fig. 2 A, lane 5) .
A similar result was obtained with the cauliflower telomerase; 18-mer primers (Fig. 2B, lanes 3, 4, and 7) were used less efficiently than the 21 nucleotide versions (Fig. 2B, lanes 2, 5,  and 6 ). Interestingly, the pBR primer whose 3Ј terminus contains only a single nucleotide that can potentially pair with the plant telomerase RNA template (see below) was extended as well as a primer bearing three 3Ј terminal dG residues (Fig.  2B, compare lanes 2 and 6) . The pBR primer was not extended by the carrot telomerase (Fig. 2B, lanes 6 and 7) , suggesting that the cauliflower telomerase had a more relaxed sequence specificity than the carrot enzyme.
Telomerase enzymes that synthesize six or eight nucleotide repeated sequences generate products with a corresponding banding periodicity, the strongest bands in the profile reflecting enzyme-primer rearrangement as multiple repeats are generated (2) . The permutation of the banding profile is determined by where the primer 3Ј terminus initially aligns on the RNA template for the first polymerization cycle. As expected, reaction products with carrot ( Fig. 2 A, lanes 1, 2, and 5) and cauliflower (Fig. 2B, lanes 1, 2, 5 , and 6) extracts generated elongation profiles that were offset from one another when 21-mer primers having different 3Ј terminal sequences were used.
A model showing the predicted alignment of four primers on the cauliflower telomerase RNA template is presented in Fig.  2C . This model accounts for the one nucleotide offset in the banding profiles from reactions with GG(21) and AGT-GGG(21) (Fig. 2B, lanes 1 and 2) and the three nucleotide offset between GG(21) and TS(21) reaction products (Fig. 2B,  lanes 1 and 3) . Interestingly, the extension profile of pBR (21) is offset by five nucleotides from the TS(21) primer and two nucleotides from GG (21) . Hence, the 3Ј terminal dT on the pBR(21) primer does not seem to align opposite an rA residue in the template. Rather, the primer appears to be positioned across from an rU residue (underlined in Fig. 2C ), allowing the primer to be extended initially by three dG residues. The cauliflower telomerase also extended a primer terminating in   FIG. 2 . DNA primer specificity of two plant telomerases. (A) Primer specificity for carrot telomerase. Protein samples (1.2 g) from carrot suspension cultures were assayed by TRAP using different forward primers as indicated (see Table 1 a dC residue, which cannot form a base pair with any nucleotides in the telomerase RNA templating domain (data not shown). Delivery of a primer into the telomerase polymerization site in the absence of Watson-Crick base paired alignment on the RNA template has been documented for the Euplotes telomerase (ref. 42 ; J. Bednenko, M. Melek, and D.E.S., unpublished work). Such a mechanism may enable telomerase to form telomeres de novo on broken chromosome ends (see below).
Telomerase Expression Patterns in Plants. In contrast to animals cells, cell division in plants is localized to a few discrete regions called meristems. Cell division at the apical meristems at the ends of the root and shoot increase the length of the plant. The vascular cambium, a cylindrical layer of tissue running along the vertical axis of the plant, also carries out cell division to increase the girth (43) . Since plant telomere length declines in differentiated cells (34), we predicted that the expression of telomerase would be localized to meristematic tissues in mature plants. Nonproliferative or quiescent tissues such as the leaves and the axillary buds were not expected to demonstrate telomerase activity.
To test this hypothesis, a 10-fold dilution series of several different soybean extracts was assayed to compare the in vitro telomerase activities of different samples over a linear range of activity (17) . In the mature plant, telomerase activity was detected in the root tips (Fig. 3A, lanes 7-9 ) and, at a lower level, in the stem (lanes 10-12), consistent with the presence of the root apical meristem and the vascular cambium in these two regions. TRAP failed to detect any activity in the primary leaves (Fig. 3A, lanes 13-15) , the trifoliate leaves (lanes [16] [17] [18] , or the axillary buds (lanes 19-21) . In contrast to the root tip (Fig. 3A, lanes 7-9) , telomerase levels were reproducibly low or not detectable in the shoot apex (Fig. 3A, lanes   22-24, and data not shown) . Telomerase activity in 3-day-old primary roots (Fig. 3A, lanes 4-6) was substantially higher than in any tissues in the mature plant. This observation is consistent with increased cell division in the germinating plant. By far, the highest levels of telomerase were found in the soybean suspension culture (Fig. 3A, lanes 1-3) .
Mixing experiments verified that the failure to detect telomerase in particular tissues was not caused by inhibitors to Taq polymerase. Extracts from suspension culture were assayed in the presence of equal amounts of protein from soybean plant extracts. Most of the extracts had no effect on extension by the suspension culture (Fig. 3B, lanes 2, 3, and 5) , including the shoot apex (lane 7). A slight inhibition of the soybean suspension culture was observed in the presence of primary leaf and axillary bud extracts (Fig. 3B, lanes 4 and 6) . However, this observation cannot account the complete lack of telomerase activity in extracts from these differentiated tissues.
The lack of detectable activity in the soybean shoot apex was surprising. However, we suspected that the inability to detect activity was due to a low level of meristematic cells relative to other cell types in the extract. Therefore, we examined a third type of meristematic tissue, floral buds from cauliflower. The cauliflower head is a massive inflorescence containing many small floral meristems supported by a branched peduncle. A 10-fold dilution series of extracts prepared from cauliflower floral buds demonstrated a high amount of telomerase activity (Fig. 4, lanes 1-3) . The amount of telomerase was approximately 10-fold lower in the peduncles (Fig. 4, lanes 4-6) and 100-to 1000-fold lower in the stem (lanes 10-12) and leaf (lanes 7-9). We are unable to ascertain whether the telomerase activity we detected in the stem and leaves is due to a low level of expression or to a residual amount of telomerase in cells that were recently derived from the vascular cambium. Mixing experiments (Fig. 4, lanes 13-15) revealed that the lower levels of telomerase in other tissues were not due to telomerase or Taq polymerase inhibitors.
Significantly, telomerase was much more abundant in the meristematic tips of cauliflower than in any of the other plants we assayed, including soybean, carrot, and pea (data not shown). Moreover, telomerase activity in whole cell cauliflower extracts or in isolated nuclei was comparable to the activity found in suspension cultures (data not shown). Without exception, suspension cultures displayed very high levels of telomerase. We tested several, including extracts from carrot ( Figs. 1 and 2 A) , soybean (Fig. 3) , Arabidopsis, and rice (data not shown). The presence of telomerase in suspension cultures correlates with previous results describing an increase in telomere length in barley callus cultures (34) .
DISCUSSION
Given the striking correlations between telomerase activity and proliferation capacity in mammals, we expected that analysis of plant telomerase might yield further insight into this relationship. Plants have a more plastic developmental pattern than animals. In contrast to animal cells, many plant cells are totipotent, and individual cells, in the presence of phytohormones such as auxins and cytokinins, can be induced to undergo differentiation into mature plants. Other hormone regimes can lead to dedifferentiation of mature root, stem, and leaf tissue into immortal suspension cultures. Most of the cells in plant explants achieve immortality, unlike animal explants where most cells die in a crisis, leaving only a few immortal cells to continue the line. Plants also differ from animals in that their germ line is not specified until very late in development. If the shoot apex, which normally will give rise to reproductive organs, is removed, new shoots will proliferate and assume reproductive functions. Such developmental plasticity is distinct from the more deterministic pattern in animals, and is Using a modified version of the TRAP assay, we detected an activity with all the characteristics expected for telomerase in extracts from a variety of plants. The activity was dependent on both RNA and protein components in the extracts and generated products with a seven nucleotide periodicity that were consistent with TTTAGGG repeats. The plant telomerase displayed a strong dependence on primer length, extending 21-mer primers more efficiently than 18-mer primers. Further studies are needed to determine whether the requirement for longer primers is a consequence of our PCR assay conditions or reflects the need for the enzyme to form stable contacts with DNA sequences upstream of the primer 3Ј terminus, as reported for other telomerases (42, (44) (45) (46) (47) .
One surprising finding in this study was the ability of the telomerase from cauliflower floral buds to initiate DNA synthesis in the absence of Watson-Crick base paired primer alignment on its RNA template. Although the human telomerase requires that its primers contain a minimum of two to four base pairs of 3Ј terminal complementarity to the RNA template for in vitro elongation (45) , Tetrahymena and Euplotes telomerases can initiate synthesis in the absence of such base pairing (42, 44) . In the ciliate Euplotes, this phenomenon is developmentally regulated: telomerase from cells undergoing programmed chromosome fragmentation and de novo telomere formation performs this reaction, while the enzyme from vegetatively growing cells does not (J. Bednenko, M. Melek, and D.E.S., unpublished work). The ability of a plant telomerase to catalyze de novo telomere formation in vitro may provide a biochemical basis for new telomere formation frequently observed on broken chromosome ends early in wheat and maize development (26, 30) .
Our data indicate that soybean telomerase is highly regulated, with the greatest levels of activity in undifferentiated cells of suspension cultures. Consistent with the increased cell division associated with germinating plants, telomerase is more abundant in the primary root from 3-day-old soybean plants than in any tissues of the mature plant. Differentiated tissues such as leaves or quiescent tissues such as axillary buds exhibit extremely low or nondetectable telomerase activity. We could not detect telomerase activity in the shoot apex, although this is probably due to a low level of meristematic cells relative to other cell types in the extract. One untested possibility is that secondary products in the soybean shoot apex interfere with the extraction of telomerase.
One of the richest sources of telomerase activity we found was in the massive meristematic structure of the cauliflower head. As with soybean, other tissues in the mature cauliflower plant expressed lower levels of telomerase. The abundance of telomerase activity in cauliflower inflorescences indicates that this will be a good source of telomerase for future biochemical studies.
The plant telomerase expression profile correlates well with changes in telomere length reported during differentiation and dedifferentiation in barley (34) . Early in vitro and in vivo studies of telomere length and telomerase expression in humans suggested that telomere shortening was responsible for the onset of cellular senescence (14, 15, 48) . Telomerase activation was proposed to lead to immortalization by counteracting telomere decline. However, recent reports of the lack of telomere shortening in mice (23), telomerase-negative human cells lines and tumors (49, 50) , and the detection of telomerase activity in some tissues of the normal soma (17, 18, 20) , are inconsistent with this simple model.
As the telomere-telomerase hypothesis of aging and cancer is being refined (51, 52) , the striking link between telomerase and cellular proliferation capacity remains clear (17, 18, 25) . Recent studies reveal that mouse telomerase and telomerase RNA expression in tumors correlate strongly with increases in histone H4 mRNA, a marker of cellular proliferation (25) . In addition, quiescent adult lymphocytes treated with mitogen stimulators transiently activate telomerase (17, 53) , while telomerase is rapidly down-regulated in immortalized cells subjected to differentiation-inducing agents (54) (55) (56) . The selective expression of telomerase in dividing plant cells strengthens the argument that telomerase activation is a conserved mechanism required for long-term proliferation capacity.
Note Added in Proof. Two other groups recently reported the identification of telomerase activity in plant extracts (57, 58) . Heller et al. (58) provide evidence that the activity is developmentally regulated.
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